Fusarium wilt of lettuce (Lactuca sativa) is a destructive disease that has recently become a serious concern for growers in several lettuce production areas of the world. The causal agent, Fusarium oxysporum Schlechtend.:Fr. f. sp. lactucae Matuo & Motohashi, was first described in 1967 when it was responsible for significant losses in lettuce in Japan and pathogenicity on lettuce only was confirmed (23) . In the United States, the disease was first reported in the San Joaquin valley of California in 1993, where it accounted for significant losses in lettuce yield in three fields near the town of Huron (16) . In 2001, the disease was identified in five fields near the town of Yuma in Arizona (22) . Fusarium wilt of lettuce has continued to spread in Arizona and, as of 2007, has been documented in more than 27 lettuce production fields. The disease has also continued its spread worldwide and has been reported in Taiwan (1996) , Iran (1999) , and Italy (2001) (11, 15, 26) .
The causal organism is a soilborne root and crown pathogen that causes severe stunting of lettuce plants, with diseased roots showing dark-brown streaking of the vascular tissue extending from the tap root into the stem (16) . The occurrence of Fusarium wilt of lettuce in both Arizona and California is particularly serious due to the important position lettuce occupies in both agricultural economies. The means of dispersal of the pathogen between these two adjacent states and locally was hypothesized to be through the movement of infested farm equipment and mud-encrusted irrigation pipes used during the lettuce growing season (21) . However, the occurrence of this disease in countries far from the original discovery area reveals the potential of the pathogen to spread long distances and suggests the possibility of seedborne dispersal.
Only two vegetative compatibility groups have been described within the three known races of F. oxysporum f. sp. lactucae, to which standard nomenclature was ascribed (7, 8, 15, 30, 36) . All race 1 isolates were assigned to the vegetative compatible group 0300 (29) . To date, only race 1 has been reported outside of Japan (9, 25) . The spread of this specific race to several distant and disjunct countries in a relatively short period of time suggests movement via infested seed, although this has not been conclusively documented. However, this is consistent with the mode of dispersal of many other Fusarium spp. such as F. oxysporum f. sp. largenariae, F. oxysporum f. sp. vasinfectum, F. oxysporum f. sp. erythroxyli, and F. moniliforme (3, 10, 19, 37) . In addition, the movement of Fusarium spp. through the vascular system of the pedicel and into the seed embryo has been documented for other formae speciales such as matthioli, largenariae, vasinfectum, and pisi, revealing that, in some cases, Fusarium spp. can infect as well as infest seed (2, 19, 33, 35) . In 2004, F. oxysporum f. sp. lactucae was recovered by direct plating of samples from several lots of lettuce seed used to plant fields in Italy in which Fusarium wilt was subsequently detected at incidences of 20 to 60% (12) . Although the rate of recovery of the pathogen in positive seed lots was low, these data confirmed the potential for seedborne spread of this pathogen.
Accurate testing for seedborne pathogens is an important disease management tool for reducing the spread of disease into new regions and making accurate decisions regarding the appropriate use of seed treatment, and for seed certification programs. Conventional methods for seed health testing include the freezer blotter technique or plating on selective media (17, 28) , followed by identification of pathogens via microscopy. These methods are slow and labor intensive, require skilled personnel, and are not suited for the rapid and high-throughput type of testing that is desired for screening commercial seed (39) . In addition, the low level of sensitivity and specificity limits the use of these methods because other fungal pathogens with similar morphology may also grow on the selective media.
Diagnostic methods based on polymerase chain reaction (PCR) have high analytical sensitivity to discriminate between different strains of fungi and have been used to detect a number of form species within the F. oxysporum complex such as formae speciales phaseoli, lycopersici, radicis-lycopersici, basilici, niveum, and canariensis (1, 5, 13, 20, 31, 40) . In addition to high sensitivity and specificity, PCR-based methods have the advantage in that a large number of samples can be processed within a short period of time and can be conveniently applied to commercial seed testing and certification. However, the use of PCR-based detection methods in seed assays is challenged by the high levels of polysaccharides frequently present in seed which significantly affect the efficiency of DNA extraction, and the presence of PCR inhibitors that can negatively impact successful amplification of the recovered DNA (6, 14, 27) .
The objectives of this study were to optimize methods for extracting fungal DNA directly from lettuce seed, design PCR primers specific to F. oxysporum f. sp. lactucae, and develop a sensitive and specific PCR-based method for the detection of the seedborne pathogen. In addition, lots of commercial lettuce seed were assayed by both cultural and PCR-based methods in order to develop preliminary data as to the presence of the pathogen in lettuce seed used in Arizona.
MATERIALS AND METHODS
Fungal isolates. Test isolates of F. oxysporum f. sp. lactucae used in this study were recovered from diseased lettuce roots and soil collected in Arizona. Cultures were grown on potato dextrose agar (PDA; Difco Laboratories, Plymouth, MN) at 23°C and stored on silica gel at 4°C. Each isolate was identified based on standard morphological criteria, comparisons with type or representative isolates, pathogenicity tests, and published descriptions (16) . These and other fungal isolates used and their sources are listed in Table 1 .
DNA isolation. Liquid cultures of all isolates were prepared by flooding agar plates (PDA) containing 5-day-old cultures of test fungi with 10 ml of sterile H 2 O and dislodging mycelia and conidia with a pipette tip. A suspension (2 ml) was added to 100 ml of sterile liquid growth medium (20 g of D-glucose, 1.2 g of DL-asparagine, 1.2 g of K 2 HPO 4 , 0.5 g of yeast extract, 0.5 g of MgSO 4 ·7H 2 O, and 0.1 g of NaCl per liter) in a 250-ml Erlenmeyer flask. The flasks were incubated on a rotary shaker at 120 rpm for 5 days at 22°C. Mycelia were harvested by filtration through Miracloth (Calbiochem, EMD Biosciences Inc., San Diego, CA), lyophilized, and stored under desiccation at 4°C. Extraction of fungal total genomic DNA was accomplished using the BIO 101 Fast DNA kit (Qbiogene, Irvine, CA) according to the manufacturer's protocols.
Design of F. oxysporum f. sp. lactucaespecific primer sets and nPCR protocol. Full-length intergenic spacer (IGS) rDNA sequences generated in a previous study (24) were used to design two primer sets for use in a nested-PCR detection protocol. Primers were designed with the program Primer 3 (Steve Rozen and Helen J. Skaletsky, Totowa, NJ) and evaluated using the program Amplify (version 3.1; University of Wisconsin, Madison). Criteria for sequence specificity were such that the outer primers would amplify Fusarium spp. and the inner primer was to amplify more specific taxa within F. oxysporum. In all experiments, the first PCR was carried out in a volume of 50 µl containing 2 µl of total genomic DNA, 0.06 mM each primer, 2 mM each dNTP, 2 mM MgCl 2 , and 0.03 U of Biolase Taq polymerase (Bioline USA Inc., Randolph, MA). The second PCR assay was also carried out in a volume of 50 µl containing the same reagent concentrations, except the first PCR products were diluted at 1 µl of product to 25 µl of Tris-EDTA (TE) buffer and 1 µl of the diluted product used in the PCR. PCR reactions were carried out in a PTC-100 thermal cycler programmed for the following parameters: for the initial PCR, the parameters were 94°C for 1 min and 25 cycles at 94°C for 30 s, 65°C for 2 min 24 s, and 72°C for 1 min. For the nested PCR (nPCR), the parameters were 94°C for 1 min; 25 cycles at 94°C for 30 s, 63°C for 30 s, and 72°C for 1 min; and a final extension period of 10 min at 72°C. PCRamplified DNA fragments were fractionated in 1% agarose gels in 0.5× Trisborate-EDTA buffer and visualized in ethidium bromide.
Sensitivity and specificity of F. oxysporum f. sp. lactucae primer sets. To determine the sensitivity of the primers, 10-fold serial dilutions of F. oxysporum f. sp. lactucae total genomic DNA were prepared in TE buffer (concentrations ranged from 10 ng/µl to 1 fg/µl), and the ability of the primers to direct the amplification of the target DNA fragment from decreasing concentrations of DNA was determined. To determine specificity, the primer pairs were tested on total genomic DNA (10 ng/µl) from four isolates of F. oxysporum f. sp. lactucae, 24 isolates of different formae speciales of F. oxysporum, six nonoxysporum Fusarium spp., and five other fungi commonly associated with lettuce seed in California and Arizona (Table 1 ). All PCR assays were carried out as per the protocol described above. In both tests, the nPCR primer combination was run to compare sensitivity and specificity in detection.
Seed assay protocol. The ability of the nPCR protocol to detect F. oxysporum f. sp. lactucae in lettuce seed was examined in a modification of a PCR-based seed assay protocol developed in an earlier study (32) . For each seed assay, 1 g of lettuce seed (approximately 1,200 to 1,300 seeds) per seed lot was evenly distributed over the bottom of a 15-mm plastic petri dish. The dish was placed on a rigid mesh support in a plastic container (31 by 22 by 10 cm) and water was added beneath the mesh support to a depth of 1.5 cm. A fine mist of sterile water was initially applied to the seed in the dish with a spray bottle (approximate duration of misting was 1 to 2 s). After misting, the petri dish cover was placed slightly ajar and the top was re- placed over the plastic container to maintain conditions of high humidity that would promote growth of fungi from test seed. The set-up was incubated in the dark for 4 days at 28°C. After incubation, 5 ml of lysis buffer (1% sodium dodecyl sulfate; 10 mM Tris HCl, pH 8.0; 10 mM EDTA, pH 8.0; and 0.5 M NaCl) was added to the dish and the dish was rocked to fully moisten all seed and fungal hyphae growing on the seed. The dish was then incubated on a rotary shaker at 60 rpm for 15 min at 23°C. The contents of the dish (seed, mycelia, and lysis buffer) were transferred into a 15-ml centrifuge tube and 3 ml of phenolchloroform (1:1, vol/vol) was added. The tube was vigorously shaken for 1 min and centrifuged at 9,000 × g for 20 min at 4°C. The aqueous phase was transferred into a new centrifuge tube and a second extraction performed with 3 ml of chloroform. Approximately 3 ml of aqueous phase was recovered, and 500 µl of 10% polyvinylpolypyrrolidone was added. The tube was gently rocked on a rotary shaker for 5 min and then centrifuged at 9,000 × g for 10 min at 4°C. Supernatant (2 ml) was transferred to a new tube and 0.9 ml of Bio101 binding matrix was added. The solution was incubated for 20 min at 23°C with periodic agitation, and then centrifuged at 12,000 × g for 1 min. The matrix pellet was washed two times with 0.5 ml of 70% EtOH and then dried at 37°C overnight. DNA was eluted from the dried matrix by adding 100 µl of TE buffer and incubating for 10 min at 55°C. After incubation, matrix and buffer were transferred to a 1.5-ml microfuge tube and centrifuged at 12,000 × g for 1 min, and the TE buffer solution containing DNA was recovered.
PCR with the recovered DNA was carried out as previously described for total genomic DNA, except that (i) 2 µl of DNA extract was used and (ii) 2.5 µl of dimethyl sulfoxide (DMSO; Sigma-Aldrich Inc., St. Louis, MO) was added to the PCR reaction mixture to a final concentration of 5%. To determine whether the DMSO altered primer performance, the primer sets were tested for sensitivity and specificity with or without 5% DMSO. To determine the limit of detection of PCR-based seed assay, samples of noninfested seed were mixed (wt/wt) with artificially infested seed
Assay of commercial seed lots. Samples of lettuce seed (n = 88, 500 to 1,500 g in each sample) obtained from commercial seed lots were assayed for the presence of F. oxysporum f. sp. lactucae by both the agar plate method and nPCR-based assay. The samples were provided by various commercial seed producers in Arizona and California and were representative of lots used for planting production fields in Arizona. For the agar plate method, isolations were carried out on subsamples of nondisinfested seed (720 to 1,200 seeds per lot). Twelve agar plates (Komada's medium) per lot were incubated for 4 days under cool-white fluorescent light (12 h of light and 12 h of darkness) at 25°C. Putative F. oxysporum colonies were subcultured on three media (Komada's, PDA, and carnation leaf agar containing 0.5% KCl) and their identity was confirmed by morphological characterization (4) . For the PCRbased assay, DNA extraction was performed as described previously and each seed lot was assayed four times.
Pathogenicity of F. oxysporum isolates recovered from lettuce seed. Cultures of putative F. oxysporum isolates obtained from assayed seed were grown on PDA for 10 days under 12 h of fluorescent light. Each plate was then flooded with 20 ml of 0.5% KCl and the spores were dislodged using a rubber spatula to generate a spore suspension. The spore suspensions were filtered through four layers of cheese cloth to remove fungal hyphae and the spore concentration was adjusted to 10 6 spores/ml. All recovered isolates were tested for pathogenicity on the commercial lettuce cv. Winterhaven. Roots of 10-dayold seedlings were washed in running tap water, and approximately 1 cm of root tip was removed. The wounded roots were dipped in a spore suspension for 10 min. For each fungal isolate, eight inoculated seedlings were transplanted to 20-cm-wide plastic pots containing a sterile mix of 1 part peat, 1 part vermiculite, and 2 parts sand. The experiment was set up in the greenhouse (24 to 29°C, relative humidity = 50 to 60%) in a completely randomized design. Negative control plants were prepared similarly but the wounded roots were dipped in 0.5% KCl. Plants inoculated with the F. oxysporum f. sp. lactucae reference isolate HL1 constituted the positive control. Plants were examined for wilt symptoms 7 days after inoculation and were scored for disease 20 days after inoculation.
RESULTS
Design of F. oxysporum f. sp. lactucae primer sets. Part of the nucleotide sequences of 28S and 18S rDNA, including the 5′ and 3′ end of the IGS with polymorphisms unique to the F. oxysporum f. sp. lactucae isolates, were determined and, from these sequences, the first PCR primer pair was designed (Fig. 1) . The forward primer sequence was GYCF1 (5′-CTCCGGATTTCTGGAGACTTG-3′) and the reverse primer sequence was GYCR4C (5′-ACTATCGTGTGCCGGGGTTGGC-3′). The nested right primer, R943 (5′-CCCATACTATATACCAGACG-3′), was designed based upon a single base pair polymorphism at position 1,147 within the IGS region that is unique to lactucae isolates ( Fig. 1) (25) .
Sensitivity and specificity of the F. oxysporum f. sp. lactucae primer sets. In specificity tests with total genomic DNA from 13 other fungal species, the first primer pair directed amplification of a product of approximately 2,270 bp from total genomic DNA from the lactucae isolates, two nonpathogenic F. oxysporum isolates, and F. subglutinans ( Fig. 2A) . No target DNA fragments were amplified from total genomic DNA of the other fungal species. The second primer pair directed the amplification of a single 936-bp target fragment from the primary PCR product only from the lactucae isolates. No DNA fragments were amplified from any of the other 13 fungal isolates (Fig. 2B) . The first primer pair amplified the target fragment from 14 of the other 15 formae speciales (Fig. 3A) . In a previous reaction, the target was not amplified from the formae speciales tulipae, chrysanthemi, and albedinis (results not shown). In the second PCR, the target fragment was amplified from only 8 of the 14 formae speciales (lycopersici, asparagi, callistephi, batatas, cepae, vasinfectum race 7, rhois, and matthiolae). The primers also amplified a slightly larger fragment from the formae speciales heliotropa and phaseoli (Fig. 3A and B) . In sensitivity tests with serial dilutions of F. oxysporum f. sp. lactucae total genomic DNA, the limit of detection (i.e., the lowest concentration of total genomic DNA from which the fragment was amplified) for the outer primer set was 200 pg and that for the nested primer pair was 2 fg (Fig. 4A and B) .
Seed assay protocol. In experiments to determine the limit of detection (sensitivity) of the F. oxysporum f. sp. lactucae- Fig. 1 . Representation of the intergenic spacer (IGS) ribosomal DNA region showing primary and nested primers. Primer GYF1 primes at position 212 bp on the IGS. Specificity of the nested primer was attained by designing primer R943 at a polymorphic site unique to the forma speciales lactucae isolates. specific primers in a seed assay, the target DNA sequence was detected from duplicate samples of undiluted DNA extracts from seed lots at infestation levels of 10% in the first PCR. The subsequent nPCR detected the target fragment in samples at infestation levels as low as 0.5% (results not shown). In the repeated experiment, the first primer set directed the amplification of the target sequence from undiluted extracts with infestation levels as low as 5% (Fig 5A) . The nested primer amplified the target sequence from seed lots with infestation levels as low as 0.1% (Fig. 5B) . No DNA fragments were amplified from equivalent extracts prepared from noninfested seed lots.
Assay of commercial seed lots. A direct plating assay revealed that several of the commercial seed lots were infested with other saprobic fungi, including Alternaria spp., Penicillium spp., and Aspergillus spp. In only three seed lots were F. oxysporum colonies isolated, and nine putative F. oxysporum f. sp. lactucae isolates were selected for further testing. In pathogenicity tests, none of the isolates obtained were pathogenic (results not shown). In addition, no target sequence was amplified from any of the commercial seed lots using the nPCR-based seed assay (results not shown).
DISCUSSION
The PCR-based assay developed for detection of F. oxysporum f. sp. lactucae on lettuce seed represents a combination of techniques aimed at optimizing extraction and amplification protocols which would allow for reliable detection of the fungus from infested seed. This assay proved to be sensitive enough for the detection of F. oxysporum f. sp. lactucae on infested lettuce seed. PCR-based seed assays for detecting fungal pathogens are often challenging due to low pathogen populations frequently associated with infested seed as well as the presence of PCR inhibitors commonly present in seed tissues (30, 37) . Hence, assays must optimize both quantity and quality of target DNA during the extraction process. In this assay, a preincubation step was used to increase fungal biomass on seed prior to DNA extraction in order to increase the low levels of target F. oxysporum f. sp. lactucae normally found on lettuce seed and, subsequently, the opportunity for successful DNA recovery. This step has also been successfully used in other assays designed for the detection of fungi in seed when low fungal biomass was problematic (32, 38) .
Other methods that have proven successful for increasing fungal biomass in previous studies include incubating seed in liquid culture and on moistened filter paper (32) . Even though these methods increased the biomass of the fungal pathogen on seed, when used in this seed assay, the PCR amplification of the target F. oxy- Fig. 3 . A, Specificity of the primer pair GYCF1 and GYCR4C used in the polymerase chain reaction with total genomic DNA (20 ng) of 15 formae speciales of Fusarium oxysporum. Lanes 1-3: F. oxysporum f. sp. lactucae. Lane 4-18: formae speciales lycopersici, asparagi, callistephi, batatas, cepae, vasinfectum, rhois, matthiolae, phaseoli, heliotropa, melonis, spinaciae, medicaginis, opuntiarum, and fabae, respectively. B, Improved specificity of the primer pair GYCF1/R943. Lanes M and 19 contains the 1-kb-plus DNA ladder and the negative control, respectively. sporum f. sp. lactucae DNA from total DNA extracted from lettuce seed was inconsistent even for seed that contained high levels of the pathogen infested artificially (data not shown). These inconsistencies were attributed to the presence of PCR inhibitors released from the seed and, in some cases, the suppression of growth of the target fungus by fast-growing bacteria. Furthermore, 1 g of lettuce seed (which is approximately 1,200 to 1,300 seeds) was assayed in a single 100-by-15-mm petri dish in this study. Larger seed samples could be assayed by either increasing the number of petri dishes or by using largersized petri dishes.
PCR inhibitors associated with vegetable seed can constitute obstacles in the development of assays of this kind (6, 18) . In this study, when the seed were ground for DNA extraction, amplification of the target sequence was inconsistent due to PCR inhibitors released from the lettuce seed. In addition, PCR inhibitors were consistently encountered in DNA extracts from ground lettuce seed, regardless of whether they were spiked with genomic DNA from F. oxysporum f. sp. lactucae or other fungal species (data not shown). Thus, it was necessary to develop a method for recovery of fungal DNA from seed while minimizing the release of inhibitors from the seed. The extraction method used in this study allowed for the recovery of a sufficient amount of fungal DNA with a minimal amount of PCR inhibitors released from the seed. Even though seed were not ground, the DNA recovered after phenol-chloroform extraction and ethanol precipitation often contained brown pigments (e.g., phenolics) that could not be removed by washing with ethanol or repeated precipitation (data not shown). To reduce these contaminants, silica matrix (Qbiogene, Irvine, CA) purification was used instead of ethanol precipitation to recover the DNA from seed extracts. In subsequent reactions, the DNA recovered with this matrix did not contain brown pigments and the target DNA sequence was consistently amplified from seed DNA extracts, without the requirement of further dilution or addition of DMSO.
The nPCR was 10-fold more sensitive than the primer combination GYCF1/ GYCR4C for detection from total genomic DNA in artificially infested lettuce seed. This level of sensitivity implies that the second primer combination could be used for rapidly screening seed for infestation. Nevertheless, when greater sensitivity is required, then the nPCR technique should be used. The outer primer set was not species specific because it also directed the amplification of an approximately 2,270-bp DNA fragment from two nonpathogenic F. oxysporum isolates and from F. subglutinans. However, this would not result in false positives in lettuce seed assays be- 5 . A, Limit of detection of Fusarium oxysporum f. sp. lactucae with the primer pair GYCF1/GYCR4C in lettuce seed at different levels of artificial infestation. Lanes 1-16 show results from two independent DNA extractions for each seed lot having the indicated rates of infestation: Lanes 1 and 2, 100%; lanes 3 and 4, 10%; lanes 5 and 6, 5%; lanes 7 and 8, 1%; lanes 9 and 10, 0.5%; lanes 11 and 12, 0.2%; lanes 13 and 14, 0.1%; lanes 15 and 16, two positive controls, lanes 17 and 18, no-template controls. B, Improved sensitivity with primers GYCF1/R943 showing the limit of detection in infested seed at 0.1%. Lanes 1 and 2, 100%; lanes 3 and 4, 10%; lanes 5 and 6, 5%; lanes 7 and 8, 1%; lanes 9 and 10, 0.5%; lanes 11 and 12, 0.2%; lanes 13 and 14, 0.1%. Lane 15, positive control; and lane 16, negative control, were not loaded in duplicates as above.
cause these isolates did not possess the polymorphic site that formed the basis of the improved selectivity of the 3′ nested primers. Thus, this initial cross-reaction was eliminated in the subsequent PCR with the nested primer, which greatly improved both the sensitivity and specificity of the assay. The cross-reactivity among select F. oxysporum formae speciales would also not be problematic because these strains would not be associated with lettuce seed and their presence would not be expected. However, if additional confirmation of positive results is necessary, the pathogenicity tests described would effectively resolve this question. Moreover, the protocol for isolation of fungal DNA from seed developed for this PCR-based detection assay is flexible enough that new primers can easily be incorporated into modified assays, thereby providing a means for continually updating and improving the specificity and sensitivity of detection. Given the intensity of the bands obtained with the 0.1% seed infestation in the nPCR, it is possible that infestation levels lower than 0.1% could be detected with these primers. However, we did not assay seed below this infestation level in our tests.
The negative results obtained from the PCR assay on 88 commercial seed lots supports the hypothesis that the introduction and rapid spread of Fusarium wilt of lettuce in Arizona may have been due to contaminated farm equipment moving from California into Arizona and between fields in Arizona (21) . However, the original lots of lettuce seed from 2001 used to seed the fields in which the disease was first reported in Arizona were not included in the samples assayed. Therefore, it is not known if these original seed lots were infested and were the source of the majority of the current infestation in Arizona. In addition, the samples for testing were supplied by commercial growers and seed producers and may not have been statistically robust representatives of the original seed lots. Thus, the negative results obtained from the commercial seed assays may not be a true representation of the infestation level of these lots. However, most of the commercial seed lots that were tested were produced in the Huron area of California where Fusarium wilt of lettuce was first reported in the United States and where 80% of all lettuce seed used in Arizona is produced (Ron Berens, Arizona Seed Trade Association, personal communication). Considering that Fusarium wilt is still reported in this area, there is a risk of lettuce seed becoming contaminated with the pathogen.
In Italy, it was established that the spread of the disease was due to the use of contaminated seed as propagation material (12) . The PCR-based assay developed for the detection of F. oxysporum f. sp. lactucae on infested lettuce seed in this study is accurate, sensitive, and reliable, and could easily incorporate other primers for F. oxysporum f. sp. lactucae that are specific for other races. Recently, Shimazu et al. (34) developed two sequence-tagged sites using randomly amplified polymorphic DNA markers for the identification of the three races of F. oxysporum f. sp. lactucae; however, the authors did not incorporate these primers into a comprehensive seed assay protocol. These sequence-tagged sites could be incorporated into the seed assay presented in this work to identify all races of F. oxysporum f. sp. lactucae in a single seed assay. Because it has the 4-day incubation period, this test requires approximately 6 days to complete, compared with 10 days for the freezer blotter test or the direct plating method. Another advantage of the assay is that it does not rely on visual identification of F. oxysporum f. sp. lactucae on lettuce seed, which is complicated by the frequent occurrence of morphologically similar species, especially in the Fusarium genera, that may also be present on lettuce seed. Thus, this PCRbased assay has the potential to be used for routine testing of lettuce seed lots for F. oxysporum f. sp. lactucae. Moreover, this type of test may have applicability for the detection of other fungal pathogens on seed of other crops once appropriate primer pairs are developed.
ACKNOWLEDGMENTS
The present work was supported, in part, by the College of Agriculture and Life Sciences, University of Arizona; the Arizona Iceberg Lettuce Research Council; and the Arizona Seed Trade Association.
